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ABSTRACT 
The electric current perturbation (ECPl method of nondestructive evaluation is a powerful 
technique for detection and characterization of very small defects in nonferromagnetic material. 
It consists of establishing a current flow in the material to be inspected and then measuring 
current perturbations caused by nonconducting defects such as fatigue cracks. The current per~ 
turbation is sensed by a non-contacti.ng magnetometer probe which detects the associated magnetic 
field perturbation. Recent findings from ECP investigations are reviewed in this paper. First, 
analytical modeling and experimental results show that single and multiple, closely spaced slots 
can be characterized from their unique ECP signatures; second, ECP inspection results from tiebolt 
holes in TF-33 gas turbine ·engine disks demonstrate the capability to characterize very small 
(0.305 rnrn long by 0.137 rnrn deep), tightly-closed, service-induced fatigue cracks; and third, pre-
liminary results of an ECP experiment on a two layer fastener configuration show that radial slots 
in fastener holes can be detected in the second layer with the fastener installed. 
INTRODUCTION 
The nondestructive detection and characteriza-
tion of (1) tightly-closed, low-cycle fatigue 
cracks in gas turbine engine components and (_2) 
fatigue cracks emanating from fastener holes in 
structural elements of aircraft are two of the 
most pressing problems confronting the Air Force. 
Nondestructive evaluation (NDE) methods for ad-
vanced superalloy and titanium alloy gas turbine 
engine components are, in fact, ·pacing the develop-
ment of retirement-for-cause based on fracture 
mechanics analyses of crack severity. The size 
range of interest is 0.254 rnrn or less surface 
length, with an aspect ratio of approximately 
2 to 1. NDE methods for the detection of interior-
layer cracks on critical wing-fastener configura-
tions such as the C-5A wing-splice joint are needed 
to satisfy both safety-of~flight and repair inspec-
tion criteria (2.54 rnrn and 0.76 rnrn radial crack 
length, respectively) . It is well documented that 
fatigue cracks originating at fastener holes are 
the primary cause of airframe failures (1) • 
The purpose of this paper is to present re-
sults of recent analytical and experimental inves-
tigations with the electric current perturbation 
(ECP) method of nondestructive evaluation which 
relate to each of these two critical problems. 
Three areas of rese;:J.rch, development and engineer-
ing applications are reviewed: (1). analytical and 
experimental results on surface slots approximating 
fatigue cracks of both single and multiple closely-
spaced configurations; (2) demonstration inspec-
tion results on actual service-induced LCF cracks 
in TF-33 3rd stage, gas turbine engine disks ori-
ginating in the tiebolt holes of the disks; and 
(3) preliminary results on interior layer fastener 
hole cracks approximated by EDM slots in the faying 
surface of the second layer. 
DESCRIPTION OF. THE ELECTRIC 
CURRENT PERTURBATION METHOD 
The fundamental principles of the electric 
current perturbation method are illustrated in 
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Fig. 1. Figure lA shows an idealized specimen with 
no defect present in which there exists an unper-
d . + d . turbed current ens~ty Jo an a correspondLng mag-
netic flux density B0 irnnediately above the sur-face of the specimen. When a defect such as a 
crack is introduced, the distribution of current 
density is altered as indicated in Fig. lB, and 
the flux density ab~ve th~ surface of the specimen 
changes from B to Bo + 6B. The ECP method con-
sists of detec~ing 6B with a differential magneto-
meter probe (Fig. 2) as a function of probe posi-
tion and relating the resulting signal character-
istics to defect geometry. 
Bo Bo + ~B 
i· i· + ~j 
A B 
Fig. 1. Principles of the electric current 
perturbation method 
~Direction 
Slot 
F~g. 2. Schematic of a magnetometer scan 
Electric current flow may be introduced by 
either direct (ohmic) contact with the specimen 
using a suitable current source or by inducing the 
current flow in the specimen with an induction coil. 
A typical laboratory setup for direct injection ex-
periments is shoWn in the block diagram of Fig. 3. 
Frequencies in the range of less than 100 Hz to 
100 kHz are used depending on the depth of the de-
fect to be detected and the conductivity of the 
material (skin depth effect). 
Fig. 3. Block diagram of ECP direct contact 
experimental apparatus 
The signal characteristics for a defect of 
simple geometry are illustrated in Fig. 4. A 
small slot was made in the surface of a nickel-
base superalloy (Incoloy 901) specimen by air-
abrasive machining. This slot was scanned at in-
crements along its length to generate representa-
tive signatures. As the scan tracks approach the 
slot from-one end, a sizeable signature is obtained 
even at a distance of 1.905 mm from the center. At 
closer scans, the signal builds to a maximum ampli-
tude and then very abruptly changes amplitude, pro-
ducing an almost null signal at the center of the 
slot. As the scan passes the center, the signal 
builds in amplitude again but of opposite polarity 
and slowly diminishes at further distances away 
from the slot center. 
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Fig. 4. ECP signatures from a 0.635 mm X 0.229 mm 
X 0.152 mm slot 
Two important signal characteristics are im-
mediately obvious: first, the center of the slot 
can be located by the null and the polarity re-
versals on either side. Second, the spacing be-
tween maxima in the signal amplitude is related 
to slot length. In addition, it has been empiri-
cally demonstrated that the peak amplitude of the 
signal is directly proportional to the interfacial 
area of a slot for small slots. 
These characteristics in amplitude, polarity 
and shape, as well as excellent repeatability, re-
producible background from the material and a high 
signal-to-electronic-noise ratio, are all important 
in the detection and characterization of defects 
as discussed in the following sections. 
SINGLE VS. MULTIPLE CLOSELY SPACED CRACKS 
Of significance to retirement-for-cause (RFC) 
inspection requirements is the potential of the 
ECP method to discriminate individual cracks from 
multiple, closely spaced cracks. Low-cycle fatigue 
cracks initiate in regions of high strain concen-
tration such as bolt holes in engine disks. In 
nickel-base superalloy disks, microcracks on the 
scale of the grain diameter initiate very early in 
the life of the disk. Most of the lifetime to form 
a detectable LCF crack, on the order of 0.76 mm 
length on the surface, consists of the linkup be-
tween microcracks. Thus the discrimination between 
a single, linked-up crack and a row of isolated 
microcracks, is important to predicting residual 
lifetime. In particular, the inability to discrim-
inate between single and multiple cracks in coarse-
grained materials would cause retirement of the part 
long before its fatigue life was exhausted. 
An approximate analytical model has been de-
veloped (2) which gives ECP signal characteristics 
as a function of defect shape and,size for both 
single and closely spaced slots. A description of 
the model follows, along with a comparison of theo-
retical and experimental results for single and 
closely spaced slots. 
Analytical Model - The analytical model for a 
single slot is based on the following assumptions: 
(1) an idealized crack geometry adequately repre-
sents the perturbation to current flow and end 
effects may be ignored. 
(2) the unperturbed current density is uniform and 
constant in time since the skin depth is large com-
pared to slot dimensions. 
A geometrical model consistent with these as-
sumptions is shown in Fig. 5. Here, a slot of depth 
d and infinitesimal width is shown at right angles 
to the surface. The effect of slot length is ig-
nored and the current perturbation is approximated 
by a function of x and y only. The resulting two 
dimensional current density perturbation may then 
be used to calculate an approximate ch~ge in mag-
netic flux density by integrating over the slot 
length 1. Expressions for the components of the 
change in flux density caused by the slot were ob-
tained using the method of complex potentials to 
calculate the current density perturbation (3,4). 
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Fig. 5. Geometry for the calculation of 
electric current perturbation signals 
To predict the response of two closely spaced 
slots, it was further assumed that the solutions to 
the flux perturbation equations are mathematically 
uncoupled and obey the law of superposition. Thus 1. 
the perturbation in the x-comportent of the flux for 
two closely spaced slots is simply the superposi-
tion of solutions for the x-component of the change 
in flux density for each slot. Characteristics of 
these solutions are most apparent in plots of peak 
amplitude as a function of position along and 
beyond the ends of the slots as discussed below. 
Comparison Between Theory and Experiment - Two 
cases were modeled analytically and experimentally: 
(1) discrimination of two small cracks of the same 
size placed end-to-end with a relatively close 
spacing of less than one crack length from a larger 
single crack of approximately the same overall 
length as the two cracks (all cracks having the 
same aspect ratio) . 
(2) discrimination of the same two small cracks 
from a small single crack of the same size and as-
pect ratio. 
In the first case theoretical predictions were 
calculated using superposition of solutions for two 
0.559 mm long by 0.203 mm deep slots with a spacing 
of 0.381 mm and a single large slot measuring 
1.499 mm long and 0.546 mm deep having the same as-
pect ratio. Theoretical results for these two cases 
are shown in Fig. 6. Here the distributions of cal-
c•Ilated peak signal amplitudes from scans perpendi-
cular to the slot length are plotted versus position 
along the slot length. The single large slot pro-
duces a very large difference in the peak-to-peak 
amplitude (almost an order of magnitude) compared 
to the two small slots, and the peak-to-peak spacing 
for the large slot is significantly greater than 
that for the two smaller slots. Also, there is 
a slight inflection in the plot for the closely 
spaced slots. 
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Fig. 6 Theoretical ECP peak signal amplitudes 
vs. position along slot length for a 
single 1.499 mm by 0.546 mm slot and 
two 0.559 mm by 0.203 mm slots separated 
by 0.381 mm 
This first case was approximated experimen-
tally with two small slots 0.610 mm long by 0.203 mm 
deep, spaced 0.381 mm apart and a single 1.575 mm 
long by 0.533 mm deep slot. The slots could not 
be made exactly the same size as in the theoretical 
calculations due to limitations of the air-abrasive 
machining process. Figure 7 is a plot of the ECP 
experimental data with both curves normalized so 
that the peak amplitude of the double slot signal 
has the same value as in Fig. 6. Note the excellent 
agreement of experimental results with the theo-
retical calculations shown in Fig. 6. 
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Fig. 7. Experimental ECP peak signal amplitudes 
vs. position along slot length for a 
single 1.575 mm by 0.533 mm slot and 
two 0.610 mm by 0.203 mm slots separated 
by 0.381 mm 
In the second case, discrimination is desired 
between two closely spaced cracks and a single crack 
of the same size as one of the closely spaced cracks. 
Figure 8 shows the theoretical prediction of the 
peak-to-peak amplitude distributions for this case, 
utilizing the same 0.559 mm by 0.203 mm slots 
spaced 0.381 mm apart and a single 0.559 mm by 
0.203 mm slot. Again, the signal features can be 
used to differentiate between the two conditions, 
i.e. the change in peak-to-peak separation and 
peak-to-peak amplitude, and again, in the case of 
the two closely spaced slots, a slight inflection 
of the curve in the signature region between the 
upward and downward peaks. 
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Theoretical ECP peak signal amplitudes 
vs. position along slot length for a 
single 0.559 mm by 0.203 mm slot and two 
slots of the same size separated by 
0.381 mm 
This second case was approximated in an exper-
iment which compared ECP signals from a single 
0.635 mm by 0.229 mm slot with those from a set of 
two 0.610 mm by 0.203 mmslots separated by a spac~ 
ing of" 0. 381 nuil. Figure 9 is a plot of exper.lmen-tal 
data for these two conditions with both curves 
normalized so that the peak amplitude of the sig-
nal from the single slot has the same value as in 
Fig. 8. The signal features in the experimental 
case are similar to those predicted by the theo-
retical model (Fig. 8) with the exception of the 
difference in peak-to-peak amplitudes. Also, the 
experimental peak-to-peak spacing is similar to 
that predicted by the model and there is a 
slight inflection in the signal from the closely 
spaced slots at the center. Some of the differ-
ences in the experimental data such as asymmetry 
of the positive and negative peak amplitudes can 
be attributed to the fact that the slots, generated 
by air-abrasive material removal, are somewhat ir-
regular and are slightly different in size than those 
used in the model predictions. Also, the slots 
were slightly deeper on one end than on the other 
as determined from replicas. These data do show, 
however, that the approximate model predictions 
agree remarkably well with experimental data ob-
tained from single and closely spaced slots. 
.. 
e 
~ 
2.0 
1.5 
1.0 
0.5 
-0.5 
-1.0 
-1.5 
-3 -2 -I 
Position Along Slot Length (mml 
Fig. 9. Experimental ECP peak signal amplitudes 
vs. position along slot length for a 
single 0.635 mm by 0.229 mm slot and two 
0.610 mm by 0.203 mm slots separated by 
0.381 mm 
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LCF CRACKS IN TF-33 GAS TURBINE ENGINE DISKS 
Inspection Procedure - The ECP method was evaluated 
in a demonstration of its capability to detect and 
characterize low cycle fatigue (LCF) cracks in tie-
bolt holes of TF-33, third stage turbine disks 
fabricated from wrought Incoloy 901 (5). ECP exam-
inations were performed on ten tiebolt holes in 
each of ten scrap TF-33 disks using circumferential 
scans at 0.635 mm axial increments • 
The scanning apparatus used in the investiga-
tion is shown positioned on a TF-33 disk in Fig. 10. 
An ECP probe employing a non-contacting induction 
method for establishing current flow in the tiebolt 
hole was used. The scanning system incorporated 
a circumferential motor drive with manual axial po-
sitioning using a precision lead screw; a shaft 
angle encoder indicated circumferential probe po-
sition on each scan. Data were recorded on a strip-
chart recorder. 
Fig. 10. ECP scanning system for TF-33 
turbine disc tiebolt holes 
Typical Crack Signals - Figure llA. shows two typical 
repeat scans of a single scan track to illustrate 
the excellent repeatability. Every detail of the 
crack signal and also of the signal background 
throughout the entire scan is highly repeatable. 
These data show that the signal and the background 
characteristics are precisely related to the hole 
under inspection and are not due to extraneous in-
fluences from electronic noise, probe liftoff varia-
tions, etc . 
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Fig. 11. 
A Repeat Scans 
B HiQh Sensitivity Scan 
with Probe Removed 
from Tiebolt Hole 
ECP scans showing repeatability 
and electronic noise 
To illustrate the ECP technique's potential 
sensitivity to extremely small defects, Fig. llB 
shows a trace made with.the probe removed from the 
tiebolt hole and scanned in air; the sensitivity 
has been increased by a factor of 50 over that 
shown in the traces in Fig. llA. Even the back-
ground signals in normal scan traces in Figure llA 
are far above the electronic background noise. 
Thus, sensitivity is limited by material character-
istics and not by system noise. 
Inspection Results - Since the primary objective 
was to assess capability of the ECP method for de-
tecting and characterizing small cracks, four tie-
bolt holes were selected which had signatures with 
a signal-to-noise ratio of approximately two (based 
on material background noise) . These .holes were 
scanned again at 0.318 rnrn increments between scans 
to obtain higher resolution. Portions of the four 
selected tiebolt holes were removed from the disks 
and examined on the surface using both an optical 
microscope and a scanning electron microscope (SEM) 
to determine surface crack geometry. Selected 
cracks were then sectioned metallurgically and ex-
amined with the SEM to determine subsurface geo-
metry. Since the cracks were very tightly closed 
in both cases, it was necessary to chemically etch 
the surface to reveal the cracks. 
In each specimen, a large number of cracks 
spaced relatively close together were found, and in 
most cases they showed a very complex geometry be-
low the surface. Many were at an angle to the sur-
face, while some branched into multiple cracks be-
neath the surface. In a few cases, subsurface 
cracks were found with no surface indications. Many 
subsurface inclusions were also found. 
Figure 12 shows a surface photomicrograph of 
cracks near the top end of one tiebolt hole and ECP 
signatures obtained at the designated scan track 
positions. A photomicrograph of the subsurface geo-
metry of crack A is shown in Fig. 13. Note that the 
ECP scans for the entire circumference of the bolt 
hole are shown .in Fig. 12 and that the region in 
the photograph comprises only a small segment of the 
overall ECP signature. Also, since these scans were 
taken near the top of the hole, a slight gradient 
is present in the signal near the center of each 
trace due to an abrupt change in disk thickness in 
this region. 
Crack A 
0 305mm L II. 0.137mm 0 
Crack 
0.43~ mm L. x 0.229 D. 
-~ l- ReQion in 
0.203mm L. x 0.04lmm D 
I Photo 
l--360"----1 
ECP Signals For 
Circumlerentiol Scans 
Fig. 12. Correlation of surface photomicrograph 
and ECP signals for cracks in a tiebolt 
hole specimen 
Crock 
Fig. 13. Optical photomicrograph of crack A 
cross-section 
As shown in these figures, the crack sizes are 
very small, yet very pronounced ECP signatures are 
obtained. Distinct signal features are also evi-
dent. For example, as the ECP scans approach crack 
A from the top, the ECP crack signal is first down-
ward going (negative) and then the signal reverses 
polarity for successive scan traqk positions axially 
along the crack and past the bottom end. A positive 
polarity is then obtained near the top of crack B. 
As the scans move over crack B and toward its bottom 
end, the signal again reverses polarity and also 
becomes broader in a circumferential direction, 
probably due to the influence of crack C, the other 
small cracks shown in the photograph, and additional 
cracks located further down the hole (not shown) . 
Because of the complex crack geometries and 
close spacing of the cracks, interactions exist 
between the individual ECP signatures. It is there-
fore dif.ficult at this time to show a precise corre-
lation with crack features since ECP signature char-
acteristics are presently known only for simple 
crack geometries. 
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SECOND LAYER FASTENER HOLE CRACK DETECTION 
An investigation is presently underway to de-
termine the feasibility of detecting fatigue cracks 
in the second layer of a two layer structural fas-
tener configuration (fastener installed) using the 
ECP method. The goal is to detect a slot of approx-
imately 2.54 mm radial length through a full outer 
layer thickness of 6.35 mm (6). However, this work 
is not yet complete and only a progress report is 
given here. 
Direct Contact Current Injection Results - Figure 14 
is a schematic of a simplified two layer configura-
tion without a hole constructed from aluminum flat 
plate stock. An electric discharge machine (EDM) 
rectangular slot measuring 2.794 mm long by 0.889 mm 
deep was placed in the bottom layer, and several 
top layer thicknesses were used to study the ECP 
response as a function of layer thickness. Direct 
electrical contact was used to establish current 
flow in the second layer which was separated'from 
the first layer by a 0. 076 mm thick nonconducting 
plastic (Mylar ) film. An ECP probe designed speci-
fically for subsurface defect detection was scanned 
on the surface of the top layer in the direction of 
current flow. 
Direction Travel ..... 
A. No Top Lo~•r 
8. 1.600ml'll Thick Top Le~ytr 
c. 3.17,mlll Thick Top Loyer 
D. 6.350mm Thick Top Loyer 
__L /\JIJ 20mV 
L6096mm T 
Fig. 15. ECP signals from 2.794 mm by 0.889 mm slot 
in second layer configuration using direct 
contact arrangement 
ECP Probe 6.35 mm Thick 
Aluminum Plates 
Current 
Flow 
2.794mm L. x 0.889mm D. 
EDM Slot 
0.076 mm Thick 
Nonconducting 
Layer 
Fig. 14. ECP direct contact configuration for detection of second layer defects 
Experimental results shown in Fig. 15 confirm 
that the slot can be readily detected through a top 
layer thickness up to 6.35 mm. Moreover, these ECP 
signals were obtained without the use of any signal 
processing. As expected, the signal amplitude de-
creases with increasing top layer thickness, but 
it is still significantly above background signal 
gradient level at a 6.35 mm thickness. Although 
this experiment is greatly simplified in that no 
hole or fastener was present in the specimen, it 
illustrates that in this idealized case the elec-
tric current method is capable of detecting a de-
fect of the size range of interest in the faying 
surface of the second layer of the C-5A wing splice 
joint. 
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Induced Current Flow - An induction coil was de-
signed which could be placed on the top layer coax-
ial with a fastener to induce current flow around 
the fastener hole. A motor driven scanning system 
was constructed to scan the ECP probe circumferen-
tially around the fastener hole on the top layer. 
Figure 16 is a schematic of the experimental con-
figuration. Again, a probe designed for subsurface 
detection was used. 
Aluminum 
Pial .. 
Induction Coil 
EDM Slot (4.318mm 1 4.318mm J 
The InducTion coli ond ECP probe are rotated 
n o unit around the cult of lhl llole. 
Fig. 16. Induced current configuration for 
detection of second layer defects 
At present experimental data have been obtained 
only from a 4.318 mm X 4.318 mm triangular slot in 
the second layer with top layer thicknesses of 
1.600 mm and 3.175 mm. The ECP signals are shown in 
Fig. 17. The excellent signals obtained here pro-
vide strong evidence that the desired goal of de-
tecting a 2.54 mm X 2.54 mm triangular slot through 
a 6.35 mm thick top layer can be achieved. 
A, 1.600 mm Thick Top Loyer 
B. 3.17!5mm Thick Top Loyer 
Fig. 17. ECP signals from 4.318 mm by 4.318 mm 
triangular slot in second layer 
configuration using induced current 
arrangement 
CONCLUSIONS 
Both theoretical and experimental data show 
that good potential exists to differentiate between 
small, closely spaced cracks and single cracks al-
though more experimental data, modeling, probe re-
finements and signal processing will be required to 
differentiate between cracks with complex subsurface 
geometries. The potential also exists to determine 
crack characterization parameters such as depth al-
though again additional data, modeling and signal 
processing will be required to characterize complex 
cracks. The ECP method is capable of detecting very 
small surface entering fatigue cracks as indicated 
by the relatively isolated crack measuring 0.305 mm 
long by 0.137 mm deep that was detected in a TF-33 
gas turbine engine disk tiebolt hole. Smaller 
cracks were also detected; however, their signals 
were complicated by influences from adjacent cracks. 
Based on extrapolated data obtained with the surface 
ECP probe, the minimum detectable crack size (using 
a signal-to-background ratio of approximately two) 
for disks investigated is approximately 0.254 mm 
long by 0.076 mm deep. 
Applied in the low frequency mode to the second 
layer crack detection problem, the ECP method has 
demonstrated good sensitivity to small EDM slots 
approximating fatigue cracks in the second layer 
faying surface. ~The goal of achieving reliable 
crack detection for safety-of-flight inspection 
criteria appears to be attainable. 
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SUMMARY DISCUSSION 
Jim Martin, Chairman (Rockwell Science Center): I think your friends are lucky to have such a clear 
speaker to represent them. 
Are there any questions? 
Unidentified Speaker: The original experiment was in steel? 
Richard Smith (Southwest Research Institute): The jet engine experiments? 
Unidentified Speaker: Yes. 
Richard Smith: That was not steel. 
Unidentified speaker: Titanium? 
Richard Smith: 910. 
Al Bahr (SRI): What were the range of the frequencies of the applied currents? 
Richard Smith: They ranged from 100 hertz to 10 kilohertz. 
Dick Barry (Lockheed Missiles and Space): Did you indicate that this probe is not sensitive to lift off 
or some of the other problems you had with the other type of eddy current devices? 
Richard Smith: No, I did not indicate that. And it would certainly be affected by lift off. 
Jim Martin, Chairman: Lets continue. 
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